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CWEEPdSU PTURE TESTS OF INTERNALLY PRESSURIZED 
MAYNES ALLOY NO. 25 TUBES 
by Klaus H. Gumto 
Lewis Research Center  
SUMMARY 
ICn order to obtain creep rupture data for designing a helium-to-air heat exchmger, 
66 seamless Hayles Alloy No. 25 tubes were tested to failure at constant temperature 
and pressure. The tubes were pressurized internally with helium, but were tested in an 
air atmosphere. 
Two heats of 0.953 centimeter (0. 375 in. ) outside diameter by 0.064 centimetea 
(0.025 in. ) wall tubes were purchased. This alloy is a cobalt base superalloy, and was 
se leded for its high strength at high temperatures, f ab~cab i l i ty ,  and resistance to 
oxidation and corrosion. 
The test  temperatures and pressures were chosen t o  simulate the proposed service 
conditions. The test temperatures ranged from 1099 to 1200 K (1518' to  1700" IF), with 
2 helium pressures from 4.1 to  12.4 MN/m (600 to 1800 psi) corresponding to equiwa- 
2 lent s t resses  from 26.00 to 79.09 M N / ~  (3.77 to  11.47 ksi). The lifetimes for the two 
heats ranged from 385 to 4609 hours, and from 144 to 1308 hours. 
The test  pressures were converted to equivalent s t resses ,  which were correlated 
to  the fifetimes and test temperatures by the Larson-Miller parameter. Comparisc~n 
with sheet tensile data showed that the creep-rupture strength of one heat was as nigh 
as that of the uniaxial test  s p e c k e n s ,  while the other was from 20 to 40 percent Bcvrer, 
TMs difference was attributed to inclusions and smaller grain size in the heat having 
the lower stren@h. 
To  show how the test results may be used, the lifetime of a 0.635 centimeter 
(0.250 in.) outside diameter by 0.076 centimeter (0.030 in. ) wall tube was calc~~laxed, 
2 This tube had an internal pressure of 10.3 MN/m (1500 psi) and a temperature of 
11089 K (1500' F), and was made from the heat having the higher strength. Far these 
conditions, and using a s d e t y  factor of 1.5, the predicted lifetime is 30 500 hours. 
INTRODUCTION 
&/Iobilbe nuclear powerplants have been proposed for  both aircraft and air-cushion 
vehiczes (refs. 1 and 2). One such powerplant consists of a helium cooled nuclear re-  
actor &-id a helium-to-air heat exchanger located in the combustor section of an a i r c r d t  
tnrba3fm engine. Both the reactor and the heat exchanger will be desigpaed for a lifetime 
of ICto 800 hours. The heat exchanger will be operating a t  temperatures of 1089 to 1144 K 
2 (1590' to MOO' F) m d  at helium pressures up to 12.41 M N / ~  (1800 psi). 
In order to make the heat exchanger as light as possible, the creep-mpture prop- 
edies  of the heat-exchanger material must be known acmrately. Yield criteria such as 
those of van Mises or  Tresca a r e  useful to predict behavior of materials under multi- 
axial1 stress conditions, based on uniaxial test results. Such methods a r e  based on the 
assumption that the material under investigation is isotropic. Tubes, however, become 
anise3tropic during the mmufacturing process. The yield criteria, therefore, emnot 
accurately predict the creep-rupture behavior when the tube is pressurized internally 
at high temperature over a long period of time. 
Tests were performed on internally pressurized tubes heated in m electric re-  
sistance furnace. The temperatures and pressures were selected to simulate the pro- 
posed service conditions and to give specimen lifetimes of 200 to 2000 hours, The re-  
sults ;villi be used in the design of the helium-to-air heat exchanger. 
The ~na te r ia l  chosen for these tests  was Haynes MPoy No. 25, which is commer- 
eially ay~ailiable in seamless tube form. This alloy is a cobalt base superalloy. It was 
selec:ted because it has high strength at high temperature, good oxidation resistance, 
and can be welded and fabricated. 
The test results were correlated by Morris1 method (ref. 3). Morfis assumed that 
the von Mises erjlkerion holds for creep strain, that the secondary creep rate is a power 
lundion of s t ress ,  and that for long lifetimes primary and teAiary creep may be ne- 
glected. The test results a r e  presented by means of a s t r e s s -pa ramew plotit. 
All measurements were made in U. S. customary units. 
SYMBOLS 
B material constant 
n s t ress  exponent 
P Larson-Miller parameter 
p pressure, M N / ~ ~  (psi) 
T temperature, K (OF) 
2 
t time, h r  
i strain rate, h r - I  
%a diametral s train rate at the bore of the tube, h r - I  
"I3 
diametral s train rate at outside diameter of tube, h r - I  
- 
equivalent s train rate at the bore of the tube, h r - I  Ea 
P ratio of the outside diameter to  the inside diameter of the tube 
2 5 equivalent s t r e s s ,  M N / ~  (ksi) 
PROCEDURES 
Material 
Sixty-six seamless tubes of Baynes Alloy No. 25 (refs. 4 and 5) were  tested, This 
alloy is a member of the cobalt-base superalloy group and has an alternate desima.tion 
of E-605. It is used for jet-engine par ts  such as turbine blades and afterburners, and 
as furnace muffles and liners in high-temperature kilns. The alloy is used edensiveiy 
at temperatures up to 1367 K (2000' F). It is ductile, shows good resistance to oxida- 
tion, earburization, and eorrosion, can be easily machined and welded, armd is availa,ble 
in all. forms. 
Both of the heats of tubes tested were manufactured to  the same specifications. 
Table H gives the heats and chemical analyses of Baynes Alloy No. 25. The weight per- 
centages of the alloy constituents were within the tolerances of the Aeronautical Material 
Specification (ANIS) 5537 for  Baynes Alloy No. 25 sheet. The samples labeled heat 
L3-1637 and heat L1-1592 a r e  tubes, while the remainder a r e  sheet tensile specimens 
from references 6 and 7. 
The two heats of drawn tubes were purchased commercially. They received the 
following heat treatment. The tubes were annealed in a cracked ammonia atmosphere 
fo r  2 to  4 minutes at 1465k14 K (2175'*25' F), followed by rapid cooling in air. 
Test S pecirnen s 
Haynes Alloy No. 25 tube specimens were from 35.6 t o  40.6 centimeters (14 to 
16 in. ) long, with a nominal outside diameter of 0.953 centimeter (0.375 in. ) and a wall 
thickness of 0.064 centimeter (0.025 in.). Table 11 shows the measured outside diarnl- 
e t e r  and wall thickness of each tube. The tube length was chosen s o  that the welded ends 
of the tube specimens remained outside the 30. 5-centketer-  (12 -in. -) long test section 
of t h e  furnaces. The ratio of tube diameter to  wall thickness was about 15, classifying 
these specimens as thick tubes. 
:Each tube test specimen (fig. 1) was assembled with gas tungsten a r c  welds. The 
mazerials were f i rs t  ultrasonically cleaned and &greased. Then the hanger wire, the 
end plug, the inlet fitting, and the inlet tube with sleeve and sleeve nut, all made from 
304 stainless steel, were welded in place. Finally, the completed tube specimens were 
tested with a mass spectrometer to ensure that the welds were helium tight. 
Tests 
:Figure 2 is a schematic of the tube test rig. Four tubes at a time were tested in 
one of the eliedric resistance furnaces in an air atmosphere. The tubes were tested at 
eonstmt temperatures and static internal helium pressures until failure. Three 
ChromeB-Mumel thermocouples located at the middle and ends of the 5-centimeter- 
(2-in, -) long constanl-temperature zone ( 4 . 7  K (,t3' F)) measured the test tempera- 
tures, which were recorded on a 24-channel strip-chart recorder. The thermocouples 
were suspended from the top of the furnace and were not attached to the test specimens. 
The test pressures were monitored by a pressure transducer in each specimen's pres-  
sure circuit and were recorded continuously on a second 24-channel strip-chart re-  
corder, 
2 Before the test,  the tubes were pressurized with helium to about 8.3 M N / ~  (1200 
psi), followed by a release of the pressure. Several cycles of this procedure purged the 
tubes of air, N t e r  this, the furnaces were brought up to the test temperatures. When 
the ternper&ures had stabilized, each tube was pressurized with helium to its test pres- 
sure, m d  was then sealed off by means of a valve. The pressures were monitored daily 
to "check for minor leaks and tube failures. If the leaks caused loss of pressure, helium 
was ;added when necessary to maintain the test pressure. A pressure drop to 1/3 of the 
test pressure in less than 48 hours constituted failure. 
2 
'Fhe helium test pressures ranged from 4.1 to 12.4 M N / ~  (600 to 1800 psi), the 
temperatures ranged from 1099 to  1200 K (1518' to 1200' F), and the test  times varied 
from 1144 to 4609 hours. The effective s t resses  at the tube bore were from 26.00 to 
2 79- 09 M N / ~  (3.77 to 11.47 ksi). The tests  were run in furnace air for a long duration 
t9 observe the effects of metallurgical changes and oxidation on life, and to reduce the 
errors in e&rapolating creep data to long lifetimes, such as 10 000 hours. 
Sections of the tubes were taken both before and after testing, in both rlrae $on@- 
tudinal and transverse direction. For the post -test specimens, the sediorls were  taken 
near the point of failure. The surfaces of the sections were etched eledsol@rEcally wikh 
chromic acid. Photomicrographs were then taken of the etched surfaces. 
ACCU racy 
The uncertainty in the specimen temperature was about 12.8 K (15" I?), The furnace 
controller sensitivity of f2 microvolts and thermocouple variations comlributed t o  the 
temperature uncertainty. The accuracy of the specimen pressures was estimated at 
2 4 . 0 7  MN/m (110 psi). This accuracy was affected by small leaks, by daily variation 
in the room temperature, and by expansion of the tube due to creep. The variation of 
the tube wall thickness was &I. 2 percent. 
Analysis 
The analysis of the tube test data was developed by Morris (ref. 3). Hiss analysis 
of weld-drawn N-155 tubes was based on the following assumptions: 
(1) The tube material is isotropic. 
(2) The von Mises criterion for yielding is applicable to creep in the pressul-e tube 
wall. 
(3) The principal strain rates a re  proportional to the reduced, or  deviatoric, prin- 
cipal stresses (ref. 8). 
(4) The axial strain rate is zero. 
(5) The principal axes of s t ress  and creep strain coincide. 
(6) Norton and Bailey's exponential s t ress  law, presented in reference 9, a.pplies. 
(7) The strain rate remains uniform over the life of the specimen; that .$.is primary 
and tertiary creep a r e  negligible compared to secondary creep. Therefore, the dia- 
metral strain rate iBb is equal to the strain measured on the outside diameter at m p -  
ture divided by the lifetime of the specimen. 
On the basis of these assumptions, Morris used the following equations in  his maly- 
s is .  The equivalent s t ress  at the bore of the tube is 
The dimietral strain rate at the tube bore is related to the strain rate at the outside 
djan~eter by 
2 Eea = P Eeb 
The equivalent strain rate a t  the bore of the tube is 
The malysis required a value for the s t ress  exponent n in equation (I), which is 
remperature dependent. The values for n were determined by plotting the calculated 
3quivalent bore strain rates as functions of the test pressure in each tube on log-log 
~ a p e r ,  This resulted in several straight lines, one for each test temperature. The 
reciprocal of the slope of each line was the value of n at the test temperature. A 
similar plot of s t ress  against strain rate for the uniaxial data from references 6 and 7 
gave the a7 val~laes for bar and sheet. The results a re  shown in figure 3, which relates 
]+he value of the s t ress  exponent n to the test temperature for both tubes and uniaxial 
test speeiimens . 
The values of n determined by this method were used in this analysis, whereas 
Morris used a constant n, which was an average over the temperature range used in 
h i s  tests. A second difference between this and Morris' analysis is that the actual wall 
thiehess  a d  tube d i m e t e r s  were used in the equations herein, whereas the nominal 
values supplied by the manufacturer were used by Morris. 
Strain Measu rement 
The difference of the diameters of the failed and as-received tubes divided by the 
diameter of the as-received tube measured the circumferential strain at fracture. The 
outside diameters were measured, both before and after the test,  with a micrometer at 
four poi~nts on each tube circumference spaced 45' apart. The measurements before the 
test were made at the middle of the tube. Following the tests ,  the tubes were measured 
at the point of fracture. Each set  s f  four measurements was averaged to olbtain the as- 
received and the strained d i m e t e r s  . 
The diameters were also measured at a point 2. 5 centimeters (I in.) from the inlet 
end of the tube. Since this point was odside the furnace, no change was expected here, 
Comparison of measuremeds before rend after the test show this to be so. This eiheek 
was necessary because the tube wall t h i ches s  could not be measured before the test, 
Therefore, the tube was cut apart following the test and the wall t h i c h e s s  was =eas- 
ured with a caliper type micrometer at 2 .5  centimeters (1 in. ) from the inlet end at 
four places spaced 45' apart. The four measurements were averaged to obtain the tube 
wall thickness. 
RESULTS AND DISGUSSIION 
Two heats of seamless Haynes Alloy No. 25 tubing was purchased ccsmmereia!!l$ to  
make 66 test specimens. These were pressurized internally with helium a ~ d  tested in 
an electric furnace at constant temperature in an air atmosphere at atmospheric Fres- 
2 
sure. The internal helium pressures ranged from 4.14 to 12.4 M N / ~  (600 to  1800 psi), 
and the test temperatures ranged from 1099 to 1200 M (1518~ to 1900' F). The effective 
2 s t resses  at the tube bore varied from 26.0 to 79.09 M N / ~  (3.77 to 11,47' ksi), The 
lifetimes for the two heats were 385 to 4609 hours for heat L1-1592, and 144 to 1508 
hours for  heat L3-163'9. The test results a r e  listed in table DI. 
Correlation 
The two heats of Haynes Alloy No. 25 showed a difference in the creep-~xpture 
stren@hs. Heat El-1592 had the same strength as the sheet tensile spedmens f r o m  
references 6 and 7, so  that for this heat, the lifetime predictions could be based on 
uniaxial data. Beat E3-1639, however, had creep-rupture strengths 20 to 40 percent 
lower than both the sheet data and heat LI-1592, so  that for this heat, predictions based 
on uniaxial data will not be correct. 
The equivalent stresses and the Larson-Miller p a r m e t e r  (ref. 10) values are shown 
in table III and figures 4, 5, and 6 for the tubes, and in table IV and f imres  6 and '7 for 
the sheet tensile test data. The equivalent s t resses  were calculated by using equa- 
tion (2), which gives the equivalent s t ress  at the tube bore by the distortion enerm 
theory. 
The value of the s t ress  exponent n used in equation (2) is a function of temperature, 
The values used herein ranged from 6 .0  at 1099 K (1518~ F) to 2 .2  at 1200 K (1700" I?) 
for  the heat E3-I637 tubes. Calculations for the s t ress  exponent n for the miaxial 
tes t  sgeci~mens gave values ran@ng from 7'. 6 at 1089 K (1500' F) to 4.2 at 1256 K 
(1800" F) . These a r e  shown in figure 3. The value of n = 4.28 at 1200 K (1700' F) was 
the only one possible to calculate from the data for  heat El-1592. At other tempera- 
&rL:,res, r = 4* 8 was assumed. The method used to  calculate the s t ress  exponent was des- 
cribed an the ,ha lys i s  section. 
The test data for  both heats of the tubes and the data for  the sheet tensile tests  were 
used as input fo r  the computer program of Mendelson, ]Roberts, and Manson (ref. 11) a 
This program considers several parameters, but selected the Larson-Miller p a r m e t e r  
%or the best correlation of the s t ress ,  lifetime, and temperature data. The program 
also chose different constants to be used with the p a r m e t e r  for each of the two heats of 
tubes and the un i z i a l  test specimens. The results a r e  plotted in figures 4, 5, and 7, 
which show the fitted Larson-Miller curves with &I standard deviation. 
Since the constants for  each p a r m e t e r  were different, the results could not be 
plotted on one graph for comparison. In order to make such a comparison, the test 
resantks, m d  the  uniaxial sheet test data were correlated by means of the Larson-Miller 
parameter by using a constant of 20.0. This is a commonly used value and therefore 
permits comparison with other published data also using this constant. The results of 
the computer calicuPations a r e  listed in tables a1 and HV, and a r e  shown in figure 6. This 
figare shows that the rupture strengths of the heat L1-1592 tubes and the un i a i a l  test 
specimens are nearly equal, and that the rupture strength of the heat L3-1637 tubes is 
from 20 to 40 percent less  than that of the uniaxial test  specimens. 
A smp le  calculation to predict the lifetime of a tube under given temperature and 
pressure conditions based on the test results is shown in the appendix. 
Creep S t r a i n  Rake 
The creep strain rate was obt&ned by first measuring the diametral strain at rup- 
cure, then ealiculating the equivalent bore strain, and finally dividing the bore strain by 
the lifetime of the tube. The equivalent bore strain rates obtained by this method a r e  
listed in table EI.. It should be noted that this method assumes that the creep strain 
rates are  uniform over the lifetime of the specimens, and that the primary and tertiary 
creep is negligible compared to secondary creep, so  that the resultant creep strain 
rates a re  average values. Table IV lists the creep strain rates for the uniaxial test 
specimens calculated from the test  results reported in references 6 and 7. 
Figure 8 shows the equivalent s t ress  as a function of the equivalent bore strain rate 
for the tubes. The graph is on log-log paper, so  that the isothermal lines a r e  straight, 
and have a sBo~pe equal to  the reciprocal of the s t ress  exponent n. 
Fracture 
Tube f r a d u r e  occurred on planes parallel to the axis of each tube, propagating 
along grain boundaries. The fractures were very small,  s o  that a bubble test was nee- 
essary  to  locate the failure spot. The pressure loss was gradual. The time to drep to 
1/3 of the test pressure following the fracture ranged from 80 minutes to  over 48 hours, 
with most of the tubes falling into the 300- t o  700-minute range. 
Figures 9 to  12 a r e  photomicrographs of tube specimens both before m d  af ter  the 
tests ,  showing both longitudinal and transverse sections of heats El-1592 and L3-1537, 
The original photomicrographs of the specimens were magnified 100 times. 
Figures 9(a) and (b) show a tube made from heat L3-1637 in the as-received condi- 
tion. Figure 9(a) shows many str ingers running in the longitudinal direction, especially 
near the inside of the tube. A hardness test  on the longitudinal section resulted in a 
Roekv\rell C hardness of 32 near  the middle of the tube wall, and 27 near  the outside di- 
ameter.  
Figures 10(a) and (b) show specimen 29 following the test.  This tube was made from 
2 heat L3-1637, and was tested at 1150 K (1610" I?) and 6.89 M N / ~  (1000 psi) for I308 
hours. The grain size did not change, and considerable precipitation is evident. This  
precipitate probably consists of M6@ carbides at the grain boundaries (ref. 12) as vve?l 
as Laves phase (Co2W) at the grain boundaries and within the grains (ref. 13), The out- 
side surface of the specimen shows some depletion. 
Figures I l ( a )  and (b) a r e  photomicrographs of a heat L1-1592 tube as received. 
This heat had larger  grains and fewer and l e s s  dense str ingers than heat L3-1637, Also, 
this tube had a R o c b e l l  C hardness of 22 near the middle of the tube wall. 
Figures %2(a) and (b) show specimen 2 (heat L1-1592) which was tested at 1144 M 
(1600' F) and 0.65 M N / ~ ~  (1400 psi) for  2279 hours. This specimen also shows no 
change in grain size following the test.  Precipitates at the grain boundaries a d  within 
the grains a r e  evident, although the amount is smaller  than in heat L3-16 37, The 
intergranular f ractures a r e  clearly visible. 
Comparison of the photomicrographs shows several differences b e h e e n  the two 
heats. These differences most likely account for  the difference in creep-mpture 
strengths. The str ingers,  whose composition has not been determined, a r e  much more 
prominent in heat k3-1637 than in the other heat. These str ingers contribute to the 
misotropy of the material and probably tend to weaken the material. The srnalilea" grain 
size of this heat also reduces the creep strengbh of this heat. 
CONCLUDING RUVlARKS 
SLxty-six seamless tubes of Naynes Alloy No. 25 pressurized internally with helium 
%ere tested 1x1 an electric resistance furnace until failure. The tests  in an air atmo- 
sphere ranged from I44 to 4609 hours. The test  temperatures ranged from 1099 to 1200 K 
2 (1518" to 1"900" F), and the pressures ranged from 4 .1  to 12.4 M N / ~  (600 to 1800 psi). 
The pressures resulted in equivalent s t resses  at the tube bore from 26.00 to  79.09 MN/ 
m2 ( 3  77 t o  11.47 ksi). The pressures were converted to equivalent s t resses  and cor- 
related to the test temperatures and lifetimes by the Larson-Miller parameter. The 
parameter eonstmt for  the two heats of tubes and for the sheet tensile specimens was 
selected by a computer program. A graph is shown for each correlation. All three 
sets of data are also correlated by the Larson-Miller parameter using a constant of 
20.0,  which permits all three se ts  to  be presented on one graph for comparison. 
Analysis of the test  data and the photomicrographs of the specimens produced the 
f oiiknving results m d  conclusions : 
1, Tests of two heats of Naynes Alloy No. 25 tubes showed the creep-mpture 
sbren@k;hs for one heat to be as high as the strength of the uniaxial tensile test specimens, 
-vvaile the other heat was 20 to 40 percent weaker. 
2 ,  The difference in the creep-mpture strength of the two heats is apparently due to 
(a) &he stringers which produce anisotropy , a d  (b) different grain sizes. Since the two 
heats were fabricated to the same specifications, the differences a r e  presumed to be 
due to the tolerances in the specifications. 
3, Predidions of creep-mpture lifetimes for Haynes Alloy No. 25 tubes should not 
be based on uniwial tensile test  data. m t h e r ,  the predidions should be based on tes ts  
made with tubes of the same heat. 
4 ,  Tube failures propagated radially along the grain boundaries. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, May 17, 1971, 
126-15. 
APPENDIX - APPLICATION OF DATA 
One example of the application of the creep-mpture data is the calculation of tine 
service lifetime for  tubes in a heat exchanger at a constant temperature m d  internal 
pressure.  The following a r e  the pertinent specifications and conditions for a heal 
k1-1592 tube used in the sample calculations: 
Material . . . . . . . . . . . . . . . . . . . . .  Haynes Alloy No. 25, seamless biilbing 
Tube size: 
Outside diameter, em (in.) . . . . . . . . . . . . . . . . . . . . . . . .  0.635 (0.250) 
Wall thickness, em (in. ) . . . . . . . . . . . . . . . . . . . . . . . . .  0,076 (0,038) 
. Ratio of outside diameter to  inside diameter . . . . . . . . . . . . . . . . . .  1 3158 
2 Pressure ,  MN/m (psi) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10-3 (1500) 
Temperature, K (OF) . . . . . . . . . . . . . . . . . . . . . . . . .  .. . .  1089 (1500) 
Stressexponent n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 . 8  
Safety factor N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 5  
The equivalent s t r e s s  is calculated by equation (2) : 
(1. 3158) 2/4.8 
- 4.8 0 = 2 p = 3.34 p = 34.40 M N / ~  (5009 psi) 
(1.3158) 2/4-8 - 1.0 
The ultimate equivalent strength Su is calculated by 
- 2 a, = Nc = 1 . 5  a =  51.60 MN/m (7514 psi) 
From figure 4, read the parameter value of 39.3 for  the equivalent s t r e s s  of 51.68 
2 M N / ~  (7514 psi), and solve for  the lifetime t: 
t = antilog 1000 - 15.56 = 30 500 hours 
1 .8  T 
where temperature T is in kelvins. Thus, for  the given conditions, the service life- 
time is 30 500 hours. The calculated lifetime for  a tube without the safety fador is 
132 000 hours. 
Performing a similar  calculation for  a heat L3-1637 tube under identical conditions 
results  in a service lifetime of 5 850 hours, o r  17 400 hours if the safety factor is 
omitted. 
S i ~ e e  the results of heat L1-I592 are similar  to the sheet tensile test  results,  cal- 
culations sf tube lifetimes based on sheet tensile data will give similar  lifetimes for  this 
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TABLE I. - CHEMICAL COMPOSITION O F  SPECIMENS O F  
HAYNES ALLOY NO. 25 
[Composition in weight percent.] 
a h a l y s i s  by an independent laboratory. 
b ~ h e e t  ensile specimens from references 6 and 7. 
P r e s s u r e .  Lifet ime,  Outside diameter  Wall thickness 
T P h r  Before t e s t  -1 After  t e s t  cm i in. 1 I 
M N / ~ ~  / ks i  
cm in.  I cm I i n .  I I 
TABLE 111. - TEST RESULTS FOR TUBES O F  HAYNES ALLOY NO. 25 
Specimen Equivalent s t r e s s ,  Larson-Miller Strain Ultimate equiva- Equivalent bore 
0 
M N / ~ ~  ks i  
59.45 8.62 
59.94 8.69 
38.68 5.61 
26.10 3.79 
26.00 3.77 
34.94 5.07 
34.69 5.03 
39.03 5. 6 6  
39.03 5.66 
43.15 6.2 6 
42.96 6.23 
52.24 7. 5 8  
52.24 7.58 
77.33 11.22 
77.39 11.22 
77.03 11.17 
77.29 11.21 
78.07 11.32 
78.31 11.36 
65.35 9.48 
65.31 9.47 
C4.97 9.42 
65.17 9.45 
78.18 11.34 
78.20 11.34 
51.76 7.51 
51.97 7.54 
56.85 8.24 
56.60 8.21 
61 - 4 9  8. 92 
60.98 8. 8 4  
61.25 8. 8 8  
61.68 8. 95 
61.29 8.89 
61.42 8.91 
69.98 10.15 
69.75 10.12 
43.86 6.36 
43.84 6.36 
79.07 11.47 
78.94 11.45 
52.57 7.63 
52.79 7. 66  
65.47 9.49 
65.99 9.57 
35.70 5.18 
Z5.23 5.11 
35.40 5.13 
35.56 5.16 
39.45 5.72 
29 -26  5.70 
38.96 5.65 
44.05 6.3 9 
44.21 6.41 
53.28 7. 7 3  
53.08 7. 7 0  
35.64 5.17 
35.65 5.17 
35.52 5.15 
35.50 5.15 
40.38 5. 86  
40.41 5. 86 
45.10 6. 54  
44.93 6. 52 
54.35 7. 88  
53.66 7. 7 8  
parameter ,  
P 
(a) 
lent bore s t ra in  s t ra in  ra te ,  
3 e2667E-0 4 
3 -2590E-34 
3 -2344E-04 
0 -1690E-04 
3 e1342E-94 
3 -2663E-0 4 
D -3157E-04 
2 -6182E-04 
3 -5923E-04 
3e8618E-04 
3 e9254E-04 
3 -2335E-03 
3.1916E-03 
 arson-~iller parameter P = 1.8T(log t + 20.0)x10-%or T in K 
T(1og t + 2 0 . 0 ) ~ 1 0 - ~  for  T in OR 
TABLE IV. - TENSILE TEST DATA FOR SHEET SPECIMENS OF HAYNES ALLOY NO. 2 5  
[From refs.  6 and 7.1 
I I I I 
Strain rate, 1 Larsoc-Miller Stress  Lifetime, Strain 
~ N / r n '  1 ksi 
1. 8 ~ ( l o ~  t + 20.0)~10-" for T in K 
" L a r s o n - ~ i l l e r  parameter P = T(1og t + 2 0 . 0 ) ~ 1 0 - ~  fo r  T in OR 
,- In let  tube r T u b e  
(304 stainless steel) specimen 
r Flare 
I I r End-plug closure 
' (304 stain less steel) 
\ '- lnlet  f i t t ing \ Sleeve n u t  \ Hanger w i re  
Sleeve \\ (304 stainless steel) , (304 stainless steel) \ \ 
\- Tungsten-inert- Tungsten-inert- 
gas weld gas weld 
Figure 1. -Test specimen tube of Haynes Alloy No. 25. 
Heise pressure 
Furnace 
(electric 
resistance)-\ 
Valve --. 
7 Pressure '6 
Thermocou~ le  lead w i re  
,A - , I Temperature I 
-1 Control ler  I 
\- Safety valve " ~ a l v e  1 Pressure 
transducer 
\\regulator 
,- Helium; pressure, 
' 2000 psi  (1.4 MNI~') 
Pressure 
recorder 
,- Pressure 
bottle 
\ 
Figure 2. - Heat-exchanger-tube test rig. Maximum test temperature, 1200 K ( 1700' F); maximum test pressure, 
12.41 ivlNl m2 (1800 psi). 
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Temperature, 
T 
K (43 
1.8T(log T + 13.177) x10-~  for T i n  K 
Larson-Miller parameter P = (T + 460)(1og t + 13.177)~10-~ for T i n  OF 
Figure 5. - Equivalent stress as a function of the Larson-Miller parameter for tube specimens 
of Haynes Alloy No. 25. Heat L3-1637. 
Figure 
42 43 44 45 46 48 49 50 51 
A 
52 
1.8T(log t + ~ ) x 1 0 - ~  for T i n  K 
Larson-Miller parameter P = 
(T + 460)(1og t + 2 0 ) x l 0 - ~  for T i n  OF r
6. - Equivalent stress as a function of the Larson-Miller parameter for sheet and tube specimens of Haynes Alloy No. 25. 
25 L 
35 37 4 1  43 45 47 
1.8F(log t + 1 7 . 5 6 5 ) ~ 1 0 - ~  for T i n  K 
Lerson-Mi l ler  parameter P = 
(T + 460)(1og t + 17.565)~10-~  for T in OF 39 i 
Figure 7. - Equivalent stress as a func t ion  of t h e  Larson-Mi l ler  parameter for 
sheet specimens of Haynes Alloy No. 25. (From refs. 6 and 7.) 
Temperature, 
T. 
K (Of=) 
0 1099 (1518) 
0 1122 (1560) 
1133 (1580) 
0 1139 (1590) 
D 1144 (1600) 
a 11% (1610) 
0 1161 (1630) 
D 1172 (1650) 
0 1189 (1680) 
0 1200 (1700) 
Solid symbols denote heat LI-1592 
Open symbols denote heat L3-1637 
Equivalent bore strain rate, 11 ea, h r - l  
Figure 8. - Equivalent stress as a function of the equivalent bore strain rate for tube specimens of Haynes Alloy No. 25. 
(a) Longitudinal section. 
(b) Transverse section. 
Figure 9. - Sections of as-received tube specimens of Haynes Alloy No. 25, from heat L3-1637. 
Etched. X100. 
(a) Longitudinal section. 
(b) Transverse section. 
Figure 10. - Sections of fai lure area of tube specimen 29, from heat L3-1637, after 1308 hou rs  
at 1150 K (1610" F) and 6.89 MNI~* (1000 psi). Etched. X100. 
(a) Longitudinal section. 
(b) Transverse section. 
Figure 11. - Sections of as-received tube specimen of Haynes Alloy No. 25, from heat L1-1592. 
Etched. X100. 
(a) Longitudinal section. 
(b) Transverse section. 
Figure 12. - Sections of fai lure area of tube specimen 2, from heat L1-1592, after 2279 hours at 
1144 K (1600" R and 9.65 M N I ~ ~  (1400 psi). Etched. X100. 
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